| INTRODUC TI ON
The oral microbiome is a complex ecosystem comprising over 700 bacterial species that colonize tooth surfaces, all oral mucosal surfaces and gingival crevices. 1 The beneficial oral microbiome is kept in balance by the natural physical and physiological defense mechanisms of the oral cavity 2
; the former includes cell shedding from the epithelial surface layers and salivary secretions that limit excessive bacterial colonization, while the latter includes salivary antimicrobial agents such as IgA, IgG and IgM, as well as salivary agglutinins, histatins and lysozyme.
3
The disruption of this balance results in dysbiotic microbiota, which instigates the development of periodontitis by engaging multiple innate sensors and activating downstream inflammatory signaling cascades.
A potential inability of the host to restrain inflammation due to environmental, genetic and/or epigenetic factors, also promotes dysbiosis. 4 Porphyromonas gingivalis is a gram-negative anaerobe that is strongly associated with the progression of chronic periodontitis.
5
P. gingivalis has been demonstrated to possess various virulence factors that induce the inflammatory response (eg, fimbriae and lipopolysaccharides) and enable evasion of host defense mechanisms (eg, gingipains and cysteine proteases). 6 Despite numerous lines of evidence from animal experiments indicating that P. gingivalis is likely involved in the inflammatory destruction of periodontium, 7 a recent report showed that P. gingivalis by itself fails to cause periodontitis in germ-free mice.
8
The ability of P. gingivalis to cause destructive inflammation involves its capability to initiate the conversion of a symbiotic community structure towards dysbiosis. In addition to playing a role in periodontitis, P. gingivalis infection is also associated with an increased risk of various systemic diseases, such as atherosclerotic vascular diseases, type 2 diabetes, 9 rheumatoid arthritis 10 and non-alcoholic fatty liver diseases.
11
We recently reported a novel mechanism by which P. gingivalis increases the risk of various diseases in a mouse model. Orally administered P. gingivalis induced changes in the composition of gut microbiota, the modulation of the gut immune system, and impairment of gut barrier function, which resulted in the increase of systemic inflammation and related pathologies, compared with sham-administered mice. [12] [13] [14] As we could not detect P. gingivalis DNA in mouse fecal samples, 14 we speculated that P. gingivalis exerts its pathogenicity by converting symbiotic gut microbiota towards dysbiosis, as shown in periodontal pathology. However, it is not known how P. gingivalis exerts its systemic effects from the gut.
Therefore, in the present study, the effect of oral administration of P. gingivalis on the gene expression profile in various tissues was investigated in germ-free mice. Lactobacillus salivarius, an oral commensal with probiotic characteristics, 15 was used as a control.
| MATERIAL AND ME THODS

| Mice
Six-week-old male C57BL/6NJcl germ-free mice generated at the Technical Service Department of CLEA Japan (Fujinomiya, Shizuoka, Japan) were acclimatized for 1 week before the commencement of the infection experiment in vinyl isolators under germ-free condi- The number of colony-forming units was standardized by measuring optical density (600 nm).
| Bacterial infection
A total of 1 × 10 9 colony-forming units of each live bacterium suspended in 100 μL PBS with 2% carboxymethyl cellulose (SigmaAldrich, St. Louis, MO, USA) were administered to the oral cavity of each mouse through a feeding needle twice a week for 5 weeks, as previously described. 12 The control group was sham-administered 100 μL PBS with 2% carboxymethyl cellulose without bacteria. All mice were allowed to eat and drink ad libitum after administration.
| Quantification of alveolar bone loss
Bone loss was quantified from images obtained from a stereomicroscope fitted with a video image marker measurement system (Olympus DP2-BSW, Tokyo, Japan).
The distance from the alveolar bone crest to the cementoenamel junction of the first mandibular molar was analyzed on the mesial root. Alveolar bone loss in the mice was measured blind by M.Ya and M.Yo.
| Analysis of gene expression in the various tissues
Total RNA from gingival, liver, and small and large intestinal tis- 
| Preparation of single cell suspensions
Mesenteric lymph nodes and spleen were removed, and then cells were filtered through a 70 μm cell strainer (BD Biosciences, San Jose, CA, USA) and washed in RPMI1640 (Sigma-Aldrich) supplemented with 10% fetal bovine serum (Sigma-Aldrich). Cells were suspended in the same medium until they were strained for flow cytometry.
| Flow cytometry and cytokine production in lymphocytes
To The level of expression of each molecule was analyzed using FACS Aria II and FLOWJO (TOMY Digital Biology, Tokyo, Japan). The resultant supernatants were subjected to IL-17A and IL-6 protein assays by ELISA (eBioscience).
| Detection of fecal P. gingivalis, L. salivarius and total bacteria
The presence of specific 16S rRNA of P. gingivalis and L. salivarius 
| Statistical analysis
The number of mice in each group was determined based on previous experiments investigating the effect of orally administered P. gingivalis on gut microbiota and the profile of gene expression in various
tissues. The data were tested for normality using the KolmogorovSmirnov test. All data sets showed a parametric distribution; therefore, all data were assessed by 1-way ANOVA with Bonferroni post hoc test for multiple comparisons using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). Differences with a probability value of P < 0.05 were considered statistically significant.
| RE SULTS
| Effect of P. gingivalis and L. salivarius administration on alveolar bone resorption
Alveolar bone resorption was not increased in both P. gingivalis-and L. salivarius-administered mice compared with sham-administered mice ( Figure 1A ,B).
| Gut colonization of administered L. salivarius and P. gingivalis
To clarify whether the administered bacteria can colonize the gut, the presence of bacterial DNA in mouse feces was analyzed before and after bacterial administration. As shown in Figure 2 , marked colonization of L. salivarius was observed (B), whereas P. gingivalis rarely colonized the gut of germ-free mice (A). Quantitative analysis of bacterial abundance using 16S rRNA primers for sham-administered mice and specific primers for respective bacterium-administered mice confirmed the germ-free condition of all 3 groups before the experiment and the differential colonization of L. salivarius and P. gingivalis after administration (C). F I G U R E 1 Effect of P. gingivalis and L. salivarius administration on alveolar bone resorption. A, Representative photographs taken after the removal of soft tissues are shown. B, Alveolar bone loss was quantified using ABC/CEJ distances (n = 6 in each group). All data are expressed as mean ± SD. *P < 0.05, **P < 0.01; 1-way ANOVA with Bonferroni post hoc test. ABC, alveolar bone crest; CEJ, cemento-enamel junction however, no differences were observed for sirtuin 1 (Sirt1), glucose-6-phosphatase catalytic subunit (G6pc) and phosphoenolpyruvate carboxykinase 1 (Pck1). Nevertheless, in bacteria-administered mice expression tended to be lower for the former 2 and higher for the latter.
The overall gene expression profile in the ileum and colon were similar. Of the cytokines studied, we observed that Il6 expression was significantly lower in bacteria-administered mice. No differences in Tnfa and Il1b expression were observed among the 3 groups. Il17a expression tended to be higher in bacteria-administered mice, whereas
Il10 expression tended to be lower. The expression of Rorgt, the transcription factor involved in the differentiation of Th17, was significantly lower in the ileum, and tended to be lower in the colon, of L. salivarius-administered mice compared with sham-and P. gingivalisadministered mice. The expression of Foxp3, the master regulator of Treg development, was significantly downregulated in the ileum and the colon in response to L. salivarius administration. Although P. gingivalis administration also downregulated Foxp3 both in the ileum and colon, a significant decrease was observed only in the colon.
The expression of tight junction protein 1 (Tjp1) and occludin (Ocln) was significantly elevated in the ileum of P. gingivalis-administered mice, and tended to be higher in L. salivarius-administered mice. In the colon, Tjp1and Ocln expressions were significantly elevated in both P. gingivalis-and L. salivarius-administered mice.
| D ISCUSS I ON
Accumulating evidence suggests that periodontitis, or P. gingivalis, is associated with various systemic diseases. Although the possible significance of common susceptibility cannot be discounted, there are several hypothetical causal mechanisms linking periodontal disease and systemic diseases. 17 One hypothesis is that bacteria or bacterial products from dental plaque invade gingival tissue through the ulcerated sulcular epithelial lining of periodontal pockets and then disseminate into systemic circulation. A second hypothesis suggests that various proinflammatory cytokines are produced in inflamed periodontal tissue and can enter systemic circulation. However, each hypothesis suffers from contradictory arguments, which preclude them from universal acceptance.
18
We have recently shown that oral administration of P. gingivalis induces dysbiosis, impairment of gut barrier function, endotoxemia and metabolic changes in the composition of gut microbiota.
Systemic inflammation resulting from P. gingivalis-induced gut dysbiosis could be considered a novel mechanism that links periodontitis and systemic diseases. In addition, increased levels of bacteria originating from the oral cavity have been reported in the gut microbiota of patients with liver cirrhosis 19, 20 and colorectal cancer, concentration (EU/mL) and B, IL-6 levels (pg/mL) were determined after sham or bacterial administration. All data are expressed as mean ± SD (n = 6). *P < 0.05, **P < 0.01; 1-way ANOVA with Bonferroni post hoc test. IL, interleukin gnotobiotic model. To this end, we used L. salivarius, an oral probiotic bacterium, as a control.
Oral administration of P. gingivalis did not induce alveolar bone resorption, which was consistent with the observations of another study that used germ-free mice. 8 Although bacterial colonization was not investigated in this study, we have previously confirmed that the presence of P. gingivalis was maintained during the experimental period by the method used in the present study. 23 Thus, P. gingivalis by itself lacks bone-resorbing activity in germ-free mice. The expression of IL-6 in gingival tissue was significantly lower and almost absent in the bacteria-administered mice, whereas IL-10 expression was significantly elevated in the bacteria-administered mice compared with sham-administered mice. Our previous study confirmed P. gingivalis colonization by the method used in this study 23, 24 and
showed that orally administered P. gingivalis induced significantly elevated IL-6 expression in the gingiva of specific pathogen-free mice. 24 Taken together, these studies confirm that P. gingivalis does not exert pathogenicity by inducing an inflammatory response in gingival tissue that destroys alveolar bone, but rather via inducing the dysbiosis of oral microbiota. 8 We also clarified that gingival tissue expresses low levels of the anti-inflammatory cytokine IL-10 in the absence of oral commensal bacteria.
In the present study, we were able to detect P. gingivalis DNA in the fecal samples of P. gingivalis-administered mice. However, the amount of DNA was much smaller compared to that of L. salivarius.
In our previous study using specific pathogen-free mice, we were able to detect P. gingivalis DNA in fecal samples from the ileum up to 3 hours after administration, but not in fecal samples from the colon collected at any time. 12 Our inability to detect P. gingivalis DNA may be attributed to the low amount of administered bacteria relative to The greater amount of antibodies against L. salivarius compared to P. gingivalis in both the sera and the culture supernatants could be attributed to differences in the colonization ability of the respective bacteria.
The levels of serum endotoxin and IL-6 were not different among the 3 groups. The serum endotoxin level is closely related to the gut barrier function, 26 and previous studies have demonstrated that gut dysbiosis is associated with decreased expression of tight junction proteins in the intestine. 12, 13 We have also reported that the expression of Tjp1 and Ocln was decreased in P. gingivalis-administered mice compared with sham-administered specific pathogen-free mice, while levels of serum endotoxin were increased. 13 However, the expression of both Tjp1 and Ocln was not different between P. gingivalisadministered mice and sham-or L. salivarius-administered mice in the present study, which strongly indicates that gut microbiota other than P. gingivalis or L. salivarius were involved in the reduction of Tjp1
and Ocln expression in previous studies. Furthermore, there were no significant differences in serum IL-6 levels among the 3 groups.
Taken together, it is assumed that P. gingivalis does not have the capacity to impair gut barrier function to induce endotoxemia and the resulting systemic inflammation.
Our previous study demonstrated that oral administration of P. gingivalis promoted Th17 differentiation in the lymphoid tissues in specific pathogen-free mice (DBA/1J), although segmented filamentous bacteria, a well-known bacterium involved in the induction of /mL (mesenteric lymph nodes) for 24 h. Levels of A, IL-6 and B, IL-17 in the culture supernatants were analyzed by enzyme-linked immunosorbent assay. All data are expressed as mean ± SD (n = 6). *P < 0.05, **P < 0.01; 1-way ANOVA with Bonferroni post hoc test. IL, interleukin Th17 cells, 27, 28 were not detected in fecal samples. 14 Although P. gingivalis is known to be able to induce Th17 differentiation, 29 its role in the gut immune system is unknown; this study has clearly demonstrated that P. gingivalis itself cannot induce Th17 in gut immune cells. Therefore, the induction of Th17 in P. gingivalis-administered mice in the previous study could be attributed to other bacteria. 14 Both P. gingivalis and L. salivarius did not induce Treg differentiation in cells of the gut immune system. Clostridia, which is a gut commensal, has been reported to induce colonic Treg differentiation in mice and to play a pivotal role in suppressing inflammation.
30
Butyrate has been identified as a key molecule in the differentiation of Treg, 31 and although P. gingivalis is known to produce butyrate,
32
at low numbers the amount produced may be too low to affect Treg differentiation. Thus, both Clostridia and P. gingivalis can be considered as unconnected to regulatory roles in gut immunity.
Cells from the mesenteric lymph nodes of both L. salivariusand P. gingivalis-administered mice produced significantly higher amounts of IL-6 than IL-17. The mechanisms by which these bacteria stimulate the production of these cytokines in mesenteric lymph node cells are unknown; however, colonization of bacteria, irrespective of their origin and characteristics, may be required for maturation or modulation of the gut immune system. Relative mRNA expression levels of genes were normalized against the relative quantity of glyceraldehyde-3-phosphate dehydrogenase mRNA. All data are expressed as mean ± SD (n = 6). *P < 0.05, **P < 0.01; 1-way ANOVA with Bonferroni post hoc test in its ability to induce dysbiosis in other gut bacteria. Furthermore, as IL-6 plays an important role in Th17 differentiation by stimulating In conclusion, we demonstrated in the present study that administration of the oral pathobiont P. gingivalis in germ-free mice did not induce any pathogenic changes. Interestingly, the effect of P. gingivalis administration was similar to that of L. salivarius, an oral commensal. However, available information from the present study was limited because we used only 2 species of oral bacteria and the experimental period is relatively short. Therefore, further studies, for example, using a mixed infection model over a longer period will be required to clarify the pathogenesis of P. gingivalis in the gut. 
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